The epidemic of diabetes continues to worsen, with an estimated 9.4% of the US population affected in 2015, and of these individuals, over 6 million develop diabetic foot ulcers (DFU) annually \[[@B1],[@B2]\]. This devastating complication is associated with 2.5-times increased risk of death within 5 years \[[@B3]\]. Standard treatment approaches for DFU include optimization of bloodflow, debridement, infection control and offloading \[[@B4]\]. Unfortunately, despite the best medical therapy, only 50% of DFU heal within 20 weeks and 50% recur within 18 months, highlighting the urgent need for improved therapies \[[@B5]\].

The pathophysiology of DFU includes excessive inflammation, decreased growth factor production, impaired angiogenesis, decreased macrophage and fibroblast function as well as impaired stem cell homing \[[@B6]--[@B9]\]. Stem cell therapy is emerging as a promising new treatment for DFU since stem cells may address some of the pathophysiological mechanisms underlying poor diabetic wound healing, including promoting cellular recruitment, decreasing inflammation, increasing extracellular matrix production, direct cellular replacement and increasing angiogenesis \[[@B10]--[@B12]\]. Adult-derived stem cells, such as mesenchymal stem cells (MSC) have shown efficacy in clinical trials and are currently available in several commercially available products \[[@B13]--[@B16]\]. However, in comparison to induced pluripotent stem cells (iPSC), adult-derived cells typically require more invasive harvesting techniques such as bone marrow or adipose tissue biopsies, are incapable of repopulating all dermal lineages and are delivered in an inactive state. Although MSC elaborate protrophic cytokines, MSC are strongly immunomodulatory and downregulate expression of inflammatory cytokines that may be necessary in the early stages of wound healing, \[[@B17]\] and thus MSC may not be the optimal cell type for clinical translation to human therapy for DFU.

Induced pluripotent stem cells are an exciting, clinically relevant candidate cell type for cell-based wound healing therapy. iPSC are pluripotent stem cells derived from adult somatic cells such as fibroblasts, obtained via noninvasive techniques such as skin biopsy and reprogrammed into a pluirpotent state *in vitro* \[[@B18],[@B19]\]. iPSC can be differentiated into any adult cell lineage and their pool is essentially unlimited. Although iPSC hold great promise for multiple therapies, their clinical application is limited by their teratogenic potential when undifferentiated, potential genomic disruption during reprogramming and low differentiation efficiencies \[[@B18]\]. Thus far, human iPSC (hiPSC)-derived endothelial cells (hiPSC-EC), fibroblasts and hiPSC-derived MSC have shown accelerated wound healing in preclinical models \[[@B20]--[@B26]\]. In addition, codelivery of hiPSC-derived smooth muscle cells (hiPSC-SMC) with hiPSC-EC increased neovascularization and improved wound healing compared with hiPSC-EC alone \[[@B27]\]. Similarly, hiPSC-derived early vascular cells, composed of a bicellular population of endothelial cells and pericytes, increased angiogenesis and led to accelerated healing, suggesting that hiPSC-derived vascular cells such as smooth muscle cells (SMC) may be an important cell type for translation to human therapy for DFU \[[@B28]\]. However, although methods to differentiate hiPSC into SMC are more efficient and yield a more uniform cellular population compared with methods to produce hiPSC-EC, no study thus far has examined the wound healing potential of hiPSC-SMC alone \[[@B29]\].

We previously showed that delivery of hypoxia-activated murine adipose-derived stem cells (ADSC) in a 3D collagen scaffold accelerates diabetic wound healing in a splinted full-thickness diabetic mouse wound model \[[@B30],[@B31]\]. To increase the translational potential of these findings, we used this model to determine whether hiPSC-SMC alone accelerate wound healing. Since hiPSC-SMC enhance the pro-angiogenic and wound healing potential of hiPSC-EC, we hypothesized that hiPSC-SMC delivered alone in a 3D collagen scaffold promote angiogenesis and accelerate diabetic wound healing \[[@B27]\].

Methods {#S0001}
=======

Animals {#S0002}
-------

All animal studies were performed in compliance with federal guidelines and approved by Yale University's Institutional Animal Care and Use Committee. Male athymic nude mice (8--12 weeks; 20--30 g; Jackson Laboratory, ME, USA) were used for creation of the back wound model, as the prevalence of DFU is higher in males, globally \[[@B32]\]. To induce diabetes, mice were injected daily for 7 days with streptozotocin (50 mg/kg IP; Tocris Biosciences, Bristol, UK). Blood glucose levels were measured with a handheld glucometer, starting 7 days after the final injection, via tail vein needle prick. Animals were considered to be diabetic after three consecutive blood glucose level measurements of 300 mg/dl or greater.

To create full thickness splinted back wounds, mice were anesthetized with vaporized isoflurane and two silicone splints with inner and outer diameters of 6 and 10 mm, respectively, were sutured bilaterally on the upper dorsum of each animal. Six interrupted 5-0 polypropylene sutures were used to hold each splint in place. A full thickness (including panniculous carnosus) skin wound was then excised along the inner margin of the splint using scissors \[[@B33]\]. Collagen scaffolds (see below) were subsequently unrolled and divided into equal halves. Scaffolds were anchored to the wound bed with several interrupted 8-0 monofilament sutures immediately after wound creation. Scaffolds were left in the wound bed without removal for the duration of the experiment until day 10 or time of sacrifice. Wounds were covered with a semi-occlusive dressing (Tegaderm, 3M, MN, USA).

In some wounds, iPSC-SMC were directly injected without any scaffold placement; wounds were created as described above and 1 million cells suspended in 0.5 ml cell culture medium were injected intradermally circumferentially around the wound.

Dressings were removed and wounds were examined every other day starting on postoperative day 0. Mice were briefly anesthetized using isoflurane and wounds were photographed with an Olympus SP-800 UZ camera mounted on a tripod at a fixed distance of 7 cm. Any loose sutures were removed and replaced to ensure splint was secured properly. Wound areas were then analyzed using ImageJ software (NIH, MD, USA). At the completion of the study, mice were euthanized and wounds were harvested and submerged in 10% phosphate-buffered formalin overnight. The wound center was marked with black ink for orientation. The samples were then paraffin embedded, sectioned serially every 5 μm and processed further as described below.

hiPSC-SMC generation & expansion {#S0003}
--------------------------------

The derivation of SMC from hiPSC was based upon an embryoid body (EB) formation-driven method, as previously described \[[@B34]--[@B36]\]. iPSC derived from human neonatal fibroblast cells were utilized for SMC differentiation. Briefly, hiPSC were expanded in mTeSR medium (Stem Cell Technologies, BC, Canada) under feeder-free culture conditions until 80% confluency and dissociated to form cell clusters with uniform sizes. Cell clusters were cultured in suspension within a 6-well low attachment plate in mTeSR medium for 24 h. The culture medium was gradually transited to EB differentiation medium based on DMEM containing 10% of fetal bovine serum (FBS) to promote EB formation until day 6. The EB were then transferred and seeded on a gelatin-coated plate for 6 days using EB differentiation medium. Subsequently, the differentiated cells were harvested, seeded on Matrigel-coated culture plate and cultured in smooth muscle growth medium (SmGM-2 medium, Lonza, MD, USA) for another 7--10 days. The hiPSC-derived SMC were further expanded in DMEM containing 10% FBS for the generation of collagen scaffolds.

ADSC isolation & expansion {#S0004}
--------------------------

Murine ADSC were obtained from the abdominal fat of C57BL/6 mice, as previously described \[[@B30]\]. ADSC were cultured in EGM-2 media (Lonza, Basel, Switzerland), consisting of 10% FBS (Gibco, MD, USA) and 1% penicillin/streptomycin (Gibco), 2 mM L-glutamine (Corning Life Sciences, Corning, NY, USA) on plastic dishes at 37°C in 5% CO~2~. Cell passages 2--6 were used in this study. ADSC identity was confirmed by FACS analysis of passage 2 cells \[[@B30]\]. ADSC identity was verified using anti-CD34, anti-CD90, anti-Sca-1, anti-CD105, anti-CD34 and anti-CD44 (BioLegend, CA, USA), using an LSRII flow cytometer (BD Biosciences, CA, USA).

Collagen scaffolds {#S0005}
------------------

Collagen scaffolds were created by mixing 500 μl 10× minimum essential medium (Sigma-Aldrich, MO, USA) with 4 ml type 1 rat tail collagen (Enzo Life Sciences, NY, USA) and adjusting the pH to 7.0 using drop wise addition of 1 M NaOH \[[@B30]\]. For cellular constructs, 2 × 10^6^ cells in 0.5 ml cell-specific culture medium were added to the collagen mixture prior to solidifying and 0.5 ml cell-free phosphate-buffered saline (PBS) was used for acellular controls. The collagen solution was then allowed to solidify at room temperature within a rectangular mold (\~20 min). The solidified gel was subsequently removed from the mold and compressed between glass plates (5 min) to remove all liquid. The remaining collagen sheet was then rolled using forceps and incubated in cell-specific, FBS-free, tissue culture media for 72 h, in order to ensure maximal cellular activation in the scaffold periphery (37°C). After a 72-h incubation, tissue culture medium was collected for further processing and the rolled collagen scaffold was unrolled for *in vivo* studies.

Angiogenesis array {#S0006}
------------------

After a 72-h incubation of the rolled scaffold in exogenous growth factor-free medium, the medium was collected and used in the Proteome Profiler Angiogenesis Array (R&D Systems, MN, USA), according to manufacturer's instructions. Briefly, nitrocellulose membranes were blocked in blocking buffer (1 h at room temperature). Samples were diluted in array buffer and mixed with detection antibody cocktail (biotin labeled against different proteins), followed by an overnight incubation on the membrane (4°C). Following overnight incubation, membranes were washed three-times in wash buffer and subsequently incubated in horseradish peroxidase (HRP)-conjugated streptavidin complex for 30 min (room temperature). After washing, signal was detected by electrochemiluminescence system (GE Healthcare, IL, USA). The signal density of each blot was then determined by densitometry using ImageJ software (NIH, MD, USA).

ELISA {#S0007}
-----

After a 72-h incubation of the rolled scaffold in exogenous growth factor-free medium, the medium was collected and used in the Quantikine human and mouse VEGF-A, bFGF, TGF-β1 and IGF-1 ELISA kits (R&D Systems); samples were diluted per manufacturer's suggestion. Standards, controls and samples were loaded into a 96-well plate coated with protein specific antibodies. Samples were incubated for 2 h (room temperature), followed by three washes. Protein-specific conjugated antibodies were then added to the wells and incubated for another 2 h (room temperature). After washing, wells were incubated in substrate solution (20 min at room temperature) and protein concentrations were measured with a microplate reader set to 450 nm.

Immunohistochemistry & immunofluorescence {#S0008}
-----------------------------------------

Immunohistochemistry and immunofluorescence were performed as previously described \[[@B30]\]. Briefly, slides were de-paraffined using xylene and a graded series of ethanol washes. Sections were heated in citric acid buffer (pH 6.0) at 100°C for 10 min for antigen retrieval and subsequently blocked with 5% bovine serum albumin in PBS containing Tween (PBST) for 1 h at room temperature prior to an overnight incubation at 4°C with the primary antibodies diluted in PBST.

Primary antibodies used for immunohistochemistry include: anti-Ki67 (rabbit; 1:500; Abcam), anti-caspase 3 (rabbit; 1:500; Cell Signaling, MA, USA), anti-VEGF-A (rabbit; 1:250; Santa Cruz Biotechnology), anti-bFGF (mouse; 1:100; BioLegend), anti-HLA class 1 (mouse; 1:100; Abcam), anti-CD31 (rabbit; 1:200; Cell Signaling), anti-hypoxia inducible factor-1α (HIF-1α; rabbit; 1:100; Novus Biologicals, CO, USA). For immunohistochemistry, after incubation with primary antibodies overnight, sections were treated with Envision+ dual link HRP rabbit/mouse secondary antibodies at room temperature for 1 h (Agilent Dako, CA, USA). After developing with diaminobenzidine tetrahydrochloride and counterstaining with hematoxylin, photomicrographs were obtained and positive cells were manually counted and reported as a percentage of total cells in four high-power fields.

Primary antibodies used for immunofluorescence include: anti-elastin (mouse; 1:100; Santa Cruz Biotechnology), anti-smooth muscle-myosin heavy chain (SM-MHC; mouse; 1:100; Abcam), anti-α-smooth muscle actin (SMA; rabbit: 1:100; Abcam), anti-HLA (rat; 1:200 Santa Cruz Biotechnology), anti-L-caldesmon (mouse; 1:200; Santa Cruz Biotechnology), anti-CD68 (mouse; 1:200; BioRad, PA, USA), anti-inducible nitric oxide synthase (iNOS rabbit; 1:200; Cell Signaling), anti-TNFα (rabbit; 1:200; Abcam), anti-CD206 (mouse; 1:200; BioRad) and anti-TGM2 (rabbit; 1:200; Cell Signaling). For immunofluorescence, after incubation with primary antibodies overnight, sections were incubated with secondary antibodies at room temperature for 1 h using goat anti-rabbit Alexa Fluor 568 (Life Technologies, NY, USA), goat anti-mouse Alexa-Fluor-568 (Life Technologies), goat anti-chicken Alexa-Fluor-568 (Life Technologies), goat anti-rat Alexa-Fluor-568 (Life Technologies) or goat anti-rat Alexa-Fluor-488 (Life Technologies). Sections were then stained with SlowFade^®^ Gold Antifade Mountant with DAPI (Life Technologies) and a coverslip was applied. Digital fluorescence images were captured and positive cells were manually counted in ImageJ software (NIH).

For cell staining, cells were cultured under standard conditions in a 12-well plate on glass coverslips until approximately 50% confluence, at which time they were fixed with 4% paraformaldehyde (30 min, room temperature) and processed as described above.

For scaffold staining, scaffolds were unrolled, fixed in 4% paraformaldehyde (10 min, room temperature) and stained in a 24-well plate. Scaffolds were washed in PBST and blocked in 5% bovine serum albumin in PBST. They were subsequently incubated in primary antibodies overnight at 4°C with the primary antibodies diluted in PBST. Following incubation with primary antibodies overnight, scaffolds were treated with Envision+ dual link HRP rabbit/mouse secondary antibodies at room temperature for 1 h (Agilent Dako). After developing with diaminobenzidine tetrahydrochloride and counterstaining with hematoxylin, scaffolds were mounted onto slides and dehydrated through a graded series of ethanols. Photomicrographs were subsequently obtained and positive cells were manually counted and reported as a percentage of total cells in four high-power fields.

Flow cytometry {#S0009}
--------------

Harvested cells were fixed using 2% paraformaldehyde (30 min, room temperature) and washed with PBS three-times, followed by blocking with 5% bovine serum albumin and 0.1% Triton-X-100. The primary antibodies anti-SM-22α (Abcam) and anti-calponin (Sigma, MO, USA) were used in a concentration of 1 μg/ml. Mouse and goat IgG isotype controls (Thermo Fisher, MA, USA; Santa Cruz Biotechnology) were used as control. Cell fluorescence was measured by a flow cytometer (BD, LSR II) and cell cycle analysis was performed using FlowJo software.

Statistical analysis {#S0010}
--------------------

Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using Student's t-test to compare two groups or analysis of variance followed by Tukey's *post hoc* test for multiple comparisons, using Graphpad Prism version 7.0 (La Jolla, CA, USA). A p-value \< 0.05 was considered significant.

Results {#S0011}
=======

hiPSC-SMC have a contractile phenotype *in vitro* {#S0012}
-------------------------------------------------

We examined the activity of hiPSC-SMC in a diabetic nude mouse splinted back wound model. Human iPSC were differentiated into SMC *in vitro* \[[@B34]\]; hiPSC-SMC displayed a predominantly contractile phenotype, with strong intensity of elastin (100%), SM-MHC (100%) and SMA (97%), markers of the contractile phenotype ([Figure 1](#F1){ref-type="fig"}A & B). hiPSC-SMC displayed low intensity of the synthetic smooth muscle phenotype markers caldesmon light chain (22%) and vimentin (7%), also consistent with a predominantly contractile phenotype ([Figure 1](#F1){ref-type="fig"}C & D). We confirmed these findings with FACS analysis of two additional contractile markers that showed 93% of hiPSC-SMC were positive for calponin and 91% of hiPSC-SMC were positive for SM-22α ([Figure 1](#F1){ref-type="fig"}E & F). These data show that prior to incorporation into collagen scaffolds, iPSC-SMC were differentiated and displayed a contractile SMC phenotype *in vitro*.

![Characterization of human-induced pluripotent stem cell-derived smooth muscle cells.\
**(A)** Immunofluorescence images of cells in tissue culture stained with contractile smooth muscle cell markers elastin (left), SM-MHC; (middle) and SMA (right); DAPI, blue; scale bar represents 100 μm. **(B)** Bar graph representing the percentage of hiPSC-SMC-positive for elastin, SM-MHC and SMA; n = 4. **(C)** Immunofluorescence images of cells in tissue culture stained with synthetic smooth muscle cell markers including L-caldesmon (left) and vimentin (right); DAPI, blue. **(D)** Bar graph representing the percentage of hiPSC-SMC-positive for L-caldesmon and vimentin; n = 4. **(E)** FACS analysis of hiPSC-SMC for calponin (upper row) and smooth muscle-22 alpha (SM-22α, lower row). **(F)** Bar graph representing percentage of hiPSC-SMC positive for calponin or SM-22α.\
DAPI: 4′,6-diamidino-2-phenylindole; FACS: Fluorescence-activated cell sorting; hiPSC-SMC: Human-induced pluripotent stem cell-derived smooth muscle cell; SM-MHC: Smooth muscle-myosin heavy chain; SMA: Smooth muscle actin.](rme-15-1277-g1){#F1}

hiPSC-SMC release increased angiogenic & regenerative cytokines compared with ADSC {#S0013}
----------------------------------------------------------------------------------

We determined the angiogenic profile of hiPSC-SMC in collagen scaffolds and used ADSC as positive controls. Cells were incorporated into a rolled collagen scaffold that was incubated for 72 h in exogenous growth factor-free medium and then subsequently analyzed; scaffolds were rolled prior to incubation to mimic the natural hypoxic stem cell niche, leading to cellular activation \[[@B30]\]. Using a commercially available angiogenesis antibody array, hiPSC-SMC released into the medium a significantly larger concentration of 28 out of 31 angiogenic cytokines compared with ADSC ([Figure 2](#F2){ref-type="fig"}A & B); medium from acellular collagen scaffolds contained undetectable levels of all 31 examined cytokines ([Figure 2](#F2){ref-type="fig"}A).

![Human-induced pluripotent stem cell-derived smooth muscle cells secrete increased amounts of angiogenic and regenerative cytokines compared with adipose-derived stem cells.\
**(A)** Representative membrane images of angiogenesis antibody array using conditioned medium from acellular (top), ADSC (middle) or hiPSC-SMC (bottom) rolled scaffolds, after a 72-h incubation *in vitro*; yellow boxes encircle pair of VEGF blots and red boxes encircle pair of FGF-acidic blots. **(B)** Bar graphs representing cytokines with significantly different concentrations between ADSC and hiPSC-SMC groups; mean ± standard error of the mean; \*p \< 0.05 (t-test); n = 3. Yellow box highlights VEGF and red box highlights acidic FGF and correspond to similarly colored boxes in panel A. No analysis was performed on the acellular scaffold group as all cytokines were below detectable levels. **(C)** Bar graph representing concentration of VEGF-A in culture medium after a 72-h incubation of acellular, ADSC, flat hiPSC-SMC, rolled hiPSC-SMC and primary SMC-containing scaffolds; \*p \< 0.0001 (ANOVA); \*p \< 0.0001 ADSCs vs hiPSC; \*p = 0.0013 flat vs rolled hiPSC-SMC; \*p \> 0.999 hiPSC-SMC vs primary SMC (Tukey's *post hoc*); n = 2--7. **(D)** Bar graph representing concentration of bFGF in culture medium after a 72-h incubation of acellular, ADSC, flat hiPSC-SMC, rolled hiPSC-SMC and primary SMC containing scaffolds; \*p \< 0.0001 (ANOVA); \*p \< 0.0001 ADSCs vs hiPSC; \*p \< 0.0001 flat vs rolled hiPSC-SMC; \*p \< 0.0001 hiPSC-SMC vs primary SMC (Tukey's *post hoc*); n = 2--6. **(E)** Bar graph representing concentration of TGF-β1 in culture medium after a 72-h incubation of acellular, ADSC, flat hiPSC-SMC, rolled hiPSC-SMC and primary SMC-containing scaffolds; \*p \< 0.0001 (ANOVA); \*p \< 0.0001 ADSC vs hiPSC; \*p = 0.1452 flat vs rolled hiPSC-SMC; \*p = 0.087 hiPSC-SMC vs primary SMC (Tukey's *post hoc*); n = 2--5. **(F)** Bar graph representing concentration of IGF-1 in culture medium after a 72-h incubation of acellular, ADSC, flat hiPSC-SMC, rolled hiPSC-SMC and primary SMC-containing scaffolds; p \< 0.0001 (ANOVA); p = 0.9484 ADSC vs hiPSC-SMC; p = 0.2950 flat vs rolled hiPSC-SMC; p = 0.8790 hiPSC-SMC vs primary SMC (Tukey's *post hoc*); n = 2--7. **(G)** Bar graph representing the number of cells expressing HIF-1α in flat vs rolled scaffolds at 0, 48 and 72 h after incubation; p \< 0.0001 (two-way ANOVA); p \< 0.0001 flat vs rolled at 48 h; p \< 0.0001 flat vs rolled at 72 h (Tukey's *post hoc*); n = 3.\
ADSC: Adipose-derived stem cell; ANOVA: Analysis of variance; HIF1-α: Hypoxia inducible factor-1α; hiPSC-SMC: Human-induced pluripotent stem cell-derived smooth muscle cell; SMC: Smooth muscle cell.](rme-15-1277-g2){#F2}

To confirm these results and to determine whether rolled scaffolds activate hiPSC-SMC compared with flat scaffolds, cell culture medium was collected from rolled acellular and ADSC, flat and rolled hiPSC-SMC and rolled primary human coronary artery SMC-containing scaffolds and assessed for several growth factors that regulate angiogenesis. hiPSC-SMC secreted a significantly higher concentration of VEGF-A compared with ADSC and flat scaffolds containing hiPSC-SMC, with no difference in VEGF-A concentration between induced and primary SMC (p \< 0.0001; [Figure 2](#F2){ref-type="fig"}C). The concentration of bFGF, a fibroblast chemoattractant, was highest in the hiPSC-SMC group (p \< 0.0001), to an even greater amount than primary SMC (p \< 0.0001; [Figure 2](#F2){ref-type="fig"}D). The concentration of TGF-β1 was higher in all SMC groups compared with ADSC-containing scaffolds (p \< 0.0001) and there was no difference between flat and rolled scaffolds (p = 0.1452), nor between hiPSC-SMC and primary SMC (p = 0.087; [Figure 2](#F2){ref-type="fig"}E). However, there was no significant difference in concentration of IGF-1, a stimulator of mitogenesis and cell survival, between all cellular groups ([Figure 2](#F2){ref-type="fig"}F). To determine whether rolled scaffolds induce hypoxia, we compared the expression of HIF-1α in flat and rolled scaffolds at 0, 48 and 72 h of incubation *in vitro*. We found that the expression of HIF-1α in cultured cells increase in rolled, but not flat, scaffolds, over time (p \< 0.0001; [Figure 2](#F2){ref-type="fig"}G). These results suggest that hiPSC-SMC are activated by the hypoxic environment inside the rolled scaffold and secrete an increased amount of angiogenic and regenerative cytokines compared with murine ADSC.

hiPSC-SMC accelerate diabetic wound healing {#S0014}
-------------------------------------------

To determine whether use of hiPSC-SMC in our previously described rolled collagen scaffold model accelerates wound healing, we applied acellular, ADSC or hiPSC-SMC-containing collagen scaffolds to full thickness cutaneous back wounds in diabetic nude mice; we used a splinted wound model to prevent healing secondary to contraction \[[@B33]\]. Murine ADSCs were used as a positive control as they have previously been investigated and show wound healing in our diabetic splinted wound model \[[@B30]\]. Scaffolds were incubated *in vitro* for 72 h in rolled configuration and then unrolled for subsequent application *in vivo* \[[@B30]\]. hiPSC-SMCs accelerated wound healing compared with acellular and ADSC-containing scaffolds (p \< 0.0001; [Figure 3](#F3){ref-type="fig"}A & B), with differences detectable as early as day 2. At the leading wound edge hiPSC-SMC-treated wounds were associated with significantly thicker epidermal (p \< 0.0001; [Figure 3](#F3){ref-type="fig"}C & D) and muscle layers (p = 0.0009; [Figure 3](#F3){ref-type="fig"}E & F) compared with both acellular and ADSC-treated wounds. These results suggest that in addition to accelerated wound healing, hiPSC-SMC treatment is associated with epidermal and muscle thickening, suggesting improved wound architecture.

![Human-induced pluripotent stem cell-derived smooth muscle cell accelerate diabetic wound healing to a greater extent than acellular and adipose-derived stem cell-containing scaffolds.\
**(A)** Line graph representing wound area over time in acellular, ADSC and hiPSC-SMC-treated groups; \*p \< 0.0001 (two-way ANOVA); p = 0.0013 at day 2 acellular vs hiPSC-SMC; \*p \< 0.0001 at day 6 acellular vs hiPSC-SMC and \*p = 0.0014 at day 6 ADSC vs hiPSC-SMC (Tukey's *post hoc*); n = 4--6. **(B)** Photographs of representative wounds at days 0, 2, 4, 6, 8 and 10 in acellular, ADSC and hiPSC-SMC groups; scale bar, 5 mm. **(C)** Photomicrographs of hematoxylin and eosin-stained epidermal samples from leading wound edge excised at 4 days in acellular, ADSC and hiPSC-SMC groups; scale bar, 150 μm; yellow line shows area of maximal thickness. **(D)** Bar graph showing epidermal thickness in acellular, ADSC and hiPSC-SMC groups at 4 days; \*p \< 0.0001 (ANOVA); \*p = 0.0003 ADSC vs hiPSC-SMC (Tukey's *post hoc*); n = 3--5. **(E)** Photomicrographs of hematoxylin and eosin-stained muscle layers from leading wound edge excised at 4 days in acellular, ADSC and hiPSC-SMC groups; scale bar, 150 μm; yellow line shows area of maximal thickness. **(F)** Bar graph showing muscle thickness in acellular, ADSC and hiPSC-SMC groups at 4 days; \*p \< 0.0009 (ANOVA); \*p = 0.0471 ADSC vs hiPSC-SMC (Tukey's *post hoc*); n = 3--5.\
ADSC: Adipose-derived stem cell; ANOVA: Analysis of variance; hiPSC-SMC: Human-induced pluripotent stem cell-derived smooth muscle cell.](rme-15-1277-g3){#F3}

Wounds were excised and examined at 7 days; wounds treated with hiPSC-SMC were associated with a significantly higher rate of proliferation (p \< 0.0001; [Figure 4](#F4){ref-type="fig"}A & B); as expected, apoptosis was uniformly low, with no significant differences between groups (p \< 0.3786; [Figure 4](#F4){ref-type="fig"}C & D). Wounds were also examined at 4 days; wounds treated with hiPSC-SMC were associated with a higher percentage of both VEGF-A (p = 0.0005; [Figure 4](#F4){ref-type="fig"}E & F) and bFGF-positive cells (p = 0.0172; [Figure 4](#F4){ref-type="fig"}G & H). Wounds treated with hiPSC-SMC were also associated with increased number of CD31-positive cells (p = 0.0002; [Figure 4](#F4){ref-type="fig"}I & J). These data show that wounds treated hiPSC-SMC had increased cellular proliferation, expression of pro-angiogenic and regenerative cytokines and angiogenesis *in vivo*.

![Human-induced pluripotent stem cell-derived smooth muscle cells are associated with increased proliferation, cytokine secretion and angiogenesis *in vivo*.\
**(A)** Representative photomicrographs of skin samples (7 days) stained for Ki67 in acellular, ADSC and hiPSC-SMC groups; scale bar, 100 μm; yellow arrows denote positive cells. **(B)** Bar graph showing percentage of cells positive for Ki67; \*p \< 0.0001 (ANOVA); n = 4. **(C)** Representative photomicrographs of skin samples (7 days) stained for caspase-3 in acellular, ADSC and hiPSC-SMC groups; yellow arrows denote positive cells. **(D)** Bar graph showing percentage of cells positive for caspase-3; \*p = 0.3786 (ANOVA); n = 4. **(E)** Representative photomicrographs of skin samples (4 days) stained for VEGF-A in acellular, ADSC and hiPSC-SMC groups; yellow arrows denote positive cells. **(F)** Bar graph showing percentage of cells positive for VEGF-A in acellular, ADSC and hiPSC-MSC groups; \*p = 0.0005 (ANOVA); n = 3. **(G)** Representative photomicrographs of skin samples (4 days) stained for bFGF in acellular, ADSC and hiPSC-SMC groups; yellow arrows denote positive cells. **(H)** Bar graph showing percentage of cells positive for bFGF; \*p = 0.0172 (ANOVA); n = 4--6. **(I)** Representative photomicrographs of skin samples (4 days) stained for CD31 in acellular, ADSC and hiPSC-SMC groups; scale bar, 250 μm; yellow arrows denote positive cells. **(J)** Bar graph showing capillary number per high power field in acellular, ADSC and hiPSC-SMC groups; \*p = 0.0002 (ANOVA); n = 4.\
ADSC: Adipose-derived stem cell; ANOVA: Analysis of variance; hiPSC-MSC: Human-induced pluripotent stem cell-derived MSC; hiPSC-SMC: Human-induced pluripotent stem cell-derived smooth muscle cell.](rme-15-1277-g4){#F4}

We determined the numbers of macrophages as well as macrophage phenotype associated with each treatment group. hiPSC-SMC treatment was associated with increased number of macrophages compared with acellular and ADSC-treated groups (p = 0.0004; [Figure 5](#F5){ref-type="fig"}A & B). There were fewer numbers of CD68/TNFα dual-positive cells as well as CD68/iNOS dual-positive cells in wounds treated with hiPSC-SMC compared with acellular (p = 0.0008) and ADSC treatment (p = 0.0375; [Figure 5](#F5){ref-type="fig"}C--F), suggesting fewer M1 type macrophages. However, there were increased numbers of CD68/CD206 dual-positive cells as well as CD68/TGM2 dual-positive cells in wounds treated with hiPSC-SMC compared with ADSC (p = 0.0214; [Figure 5](#F5){ref-type="fig"}G--J), consistent with increased numbers of M2 type macrophages. These results suggest that treatment of wounds with hiPSC-SMC is associated with increased numbers of total macrophages, with decreased numbers of M1-type macrophages and increased numbers of M2-type macrophages.

![Human-induced pluripotent stem cell-derived smooth muscle cell-treated wounds show decreased M1-type macrophages and increased M2-type macrophages.\
**(A)** Immunofluorescence of excised wounds (4 days) showing CD68-positive cells (green) in acellular (left), ADSC (middle) and hiPSC-SMC (right) groups; DAPI, blue; scale bar, 20 μm. **(B)** Bar graph showing the number of CD68-positive cells per high power field in acellular, ADSC and hiPSC-SMC groups; \*p = 0.0004 (ANOVA); n = 3. **(C)** Immunofluorescence of excised wounds (4 days) showing immunoreactivity with CD68 (green) and TNFα (red); DAPI, blue. **(D)** Bar graph showing percentage of TNFα/CD68 dual-positive cells; \*p = 0.0008 (ANOVA); n = 4--6. **(E)** Immunofluorescence of excised wounds (4 days) showing immunoreactivity with CD68 (green) and iNOS (red); DAPI, blue. **(F)** Bar graph showing percentage of iNOS/CD68 dual-positive cells; \*p = 0.0087 (ANOVA); n = 4--6. **(G)** Immunofluorescence of excised wounds (4 days) showing immunoreactivity with CD68 (green) and CD206 (red); DAPI, blue. **(H)** Bar graph showing percentage of CD68/CD206 dual-positive cells; \*p = 0.0214 (ANOVA); n = 4--6. **(I)** Immunofluorescence of excised wounds (4 days) showing immunoreactivity with CD68 (green) and TGM2 (red); DAPI, blue. **(J)** Bar graph showing percentage of CD68/TGM2 dual-positive cells; \*p \< 0.0001 (ANOVA); n = 4--6.\
ADSC: Adipose-derived stem cell; ANOVA: Analysis of variance; DAPI: 4′,6-diamidino-2-phenylindole; hiPSC-SMC: Human-induced pluripotent stem cell-derived smooth muscle cell.](rme-15-1277-g5){#F5}

Delivery of hiPSC-SMC in collagen scaffolds promotes cellular retention *in vivo* {#S0015}
---------------------------------------------------------------------------------

Since delivery of MSC in a 3D collagen scaffold increased their survival *in vivo* \[[@B30]\], we determined whether the scaffold has a similar effect on hiPSC-SMC. At 7 days, hiPSC-SMC are present in the wound and are concentrated in the wound center (p \< 0.0001; [Figure 6](#F6){ref-type="fig"}A & C). A total of 73% of the hiPSC-SMC in the wound center were Ki67-positive compared with 2% in the wound periphery (p \< 0.0001; [Figure 6](#F6){ref-type="fig"}B & D), consistent with a proliferative SMC phenotype. Similarly, few hiPSC-SMC were SMA, elastin or SM-MHC-positive ([Figure 6](#F6){ref-type="fig"}E & F), whereas cells showed a high percentage of caldesmon light chain and vimentin immunoreactivity ([Figure 6](#F6){ref-type="fig"}G & H).

![Human-induced pluripotent stem cell-derived smooth muscle cell are present in wounds at 7 days.\
**(A)** Photomicrographs of excised wounds stained for HLA, in the wound center (left) or periphery (right); scale bar, 10 μm; yellow arrows show positive cells. **(B)** Immunofluorescence of excised wounds showing immunoreactivity for both HLA (red) and Ki67 (green) in the wound center (left) or periphery (right); DAPI, blue; scale bar, 30 μm; yellow arrows show positive cells. **(C)** Bar graph showing the percent of HLA-positive cells in the wound center or periphery; \*p \< 0.0001 (t-test); n = 4. **(D)** Bar graph showing the percent of cells stained for both HLA and Ki67 in the wound center or periphery; \*p \< 0.0001 (t-test); n = 3. **(E)** Immunofluorescence of excised wounds showing immunoreactivity for HLA (green) as well as for SMA (red, left), elastin (red, middle), or SM-MHC (red, right); DAPI, blue; scale bar, 30 μm; yellow arrows show positive cells. **(F)** Bar graph showing the percent of HLA-positive cells also showing immunoreactivity with SMA, elastin, or SM-MHC; n = 2--4. **(G)** Immunofluorescence of excised wounds showing immunoreactivity for HLA (green) as well as for L-caldesmon (red, left) or vimentin (red, right); DAPI, blue; scale bar, 30 μm; yellow arrows denote positive cells. **(H)** Bar graph showing the percent of HLA-positive cells also showing immunoreactivity with L-caldesmon or vimentin; n = 2--4.\
DAPI: 4′,6-diamidino-2-phenylindole; SM-MHC: Smooth muscle-myosin heavy chain; SMA: Smooth muscle actin.](rme-15-1277-g6){#F6}

To confirm that delivery of hiPSC-SMC in a collagen scaffold improves cellular survival and accelerates wound healing, we compared the wound healing rate in wounds treated with acellular scaffolds, directly injected hiPSC-SMC without a scaffold and hiPSC-SMC delivered within the scaffold. Delivery of hiPSC-SMC in collagen scaffolds accelerated wound healing to a greater extent than acellular scaffolds as well as compared with hiPSC-SMC that were directly injected (p \< 0.0001; [Figure 7](#F7){ref-type="fig"}A & B); 7 days post treatment, the iPSC-SMC scaffold group was also associated with a higher percentage of surviving HLA-positive hiPSC-SMC (p \< 0.0001; [Figure 7](#F7){ref-type="fig"}C & D). These data suggest that delivery of hiPSC-SMC in a 3D scaffold improves their survival *in vivo*, with synthetic phenotype hiPSC-SMC detectable in the wound center.

![Delivery of cells in a collagen scaffold accelerates wound healing and increases cell retention.\
**(A)** Line graph representing wound area over time in acellular scaffolds, directly injected hiPSC-SMC and hiPSC-SMC delivered in the scaffold; \*p \< 0.0001 (two-way ANOVA); p = 0.0168 at day 2 hiPSC-SMC injection vs hiPSC-SMC scaffold; p = 0.0022 at day 4 hiPSC-SMC injection vs hiPSC-SMC scaffold; p = 0.0003 at day 6 hiPSC-SMC injection vs hiPSC-SMC scaffold; p = 0.0022 at day 7 hiPSC-SMC injection vs hiPSC-SMC scaffold; (Tukey's *post hoc*); n = 6. **(B)** Photographs of representative wounds at days 0, 4 and 7 in acellular, hiPSC-SMC injection and hiPSC-SMC scaffold groups; scale bar, 5 mm. **(C)** Photomicrographs of excised wounds stained for HLA, in the hiPSC-SMC injection (left) and hiPSC-SMC scaffold (right) groups; scale bar, 10 μm. **(D)** Bar graph showing the percent of HLA-positive cells in the wound in acellular hiPSC-SMC injection and hiPSC-SMC scaffold groups; \*p \< 0.0001 (one-way ANOVA); p \< 0.0001 hiPSC-SMC injection vs hiPSC-SMC scaffold (Tukey's *post hoc*); n = 4; -: no; +: yes.\
ANOVA: Analysis of variance; hiPSC-SMC: Human-induced pluripotent stem cell-derived smooth muscle cell.](rme-15-1277-g7){#F7}

Discussion {#S0016}
==========

This study shows that hiPSC differentiated into SMC *in vitro* have a predominantly contractile phenotype ([Figure 1](#F1){ref-type="fig"}) and secrete more cytokines inside the hypoxic environment of rolled 3D collagen scaffolds compared with flat scaffolds ([Figure 2](#F2){ref-type="fig"}); hiPSC-SMCs also secrete increased concentration of angiogenic and regenerative cytokines compared with ADSC and the rolled configuration leads to increased expression of HIF-1α ([Figure 2](#F2){ref-type="fig"}). hiPSC-SMC accelerate diabetic wound healing in a full thickness splinted nude mouse wound model compared with acellular scaffolds and ADSC-containing scaffolds ([Figure 3](#F3){ref-type="fig"}) and are associated with increased cellular proliferation, VEGF-A and bFGF expression, as well as increased angiogenesis ([Figure 4](#F4){ref-type="fig"}). After 7 days, there are also increased number of overall and M2-type macrophages, with reduced numbers of M1-type macrophages ([Figure 5](#F5){ref-type="fig"}). At the same time point, wounds treated with hiPSC-SMC have retained cells that proliferate and display a predominantly synthetic phenotype ([Figure 6](#F6){ref-type="fig"}). hiPSC-SMC survived *in vivo* for 7 days which was increased compared with directly injected cells ([Figure 7](#F7){ref-type="fig"}). These data suggest that hiPSC-SMC are able to accelerate diabetic wound healing in a mouse model, suggesting their translational potential to human patients with DFU.

Our primary finding shows that hiPSC-SMC secrete increased concentrations of angiogenic cytokines and accelerate diabetic wound healing to a greater extent than acellular collagen scaffolds and ADSC-containing scaffolds ([Figures 2](#F2){ref-type="fig"} & [3](#F3){ref-type="fig"}). It has previously been shown that SMC promote endothelial cell neovascularization and wound healing \[[@B37],[@B38]\]. In addition, during wound healing, SMC serve as a source of myofibroblasts, cells essential to granulation tissue formation and that are downregulated in chronic and diabetic wounds \[[@B39],[@B40]\]. One study showed that vascular SMC obtained from the skin of diabetic donors were fewer in number and associated with impaired wound closure *in vitro*, compared with SMC derived from healthy donors, suggesting that SMC serve several roles in healing, particularly in diabetic wounds \[[@B41]\]. Although hiPSC-derived EC, MSC and fibroblasts accelerate wound healing in murine models, the wound healing potential of hiPSC-SMC alone has not been reported, despite improved hiPSC-SMC differentiation protocols compared with hiPSC-EC \[[@B20],[@B22]--[@B24],[@B27],[@B28]\]. Here, we present the first report of hiPSC-SMC accelerating diabetic wound healing in an *in vivo* model.

Our data also show that treatment of diabetic wounds with hiPSC-SMC is associated with increased numbers of overall and M2-type macrophages, with a reduced numbers of M1-type macrophages ([Figure 5](#F5){ref-type="fig"}). Global macrophage depletion leads to impaired wound healing and is associated with increased pro-inflammatory cytokines, reduced myofibroblast differentiation and wound contracture, as well as temporal dysregulation of VEGF signaling and resultant decreased angiogenesis \[[@B42],[@B43]\]. In addition, chronic wounds are associated with a failure of M1--M2-type macrophage switching, resulting in prolonged inflammation, reduction in growth factors and angiogenesis as well as excessive extracellular matrix proteolysis and chronic nonhealing \[[@B44]--[@B48]\]. The success of MSC in treating chronic wounds may be due to their immunomodulatory effects, which leads to decreased inflammation in the wound bed \[[@B49]\]. Our findings of decreased M1-type and increased M2-type macrophages in hiPSC-SMC-treated wounds suggest that hiPSC-SMC treatment increases the total number of macrophages or shifts the M1--M2 phenotypic switch at an earlier time point, compared with acellular and ADSC-containing scaffolds.

Although our study is the first to show that hiPSC-SMC accelerate diabetic wound healing in a murine model, there are several limitations. While commonly used, the streptozotocin model of diabetes is a closer model of Type 1 diabetes, whereas Type 2 diabetes is more frequently seen in patients suffering from chronic wounds and diabetic foot ulcers. In addition, a major obstacle to clinical translation of iPSC therapy into human patients is the teratogenic potential of undifferentiated cells \[[@B50]\]. Although there has been no observed teratoma formation after topical iPSC application, iPSC injected subcutaneously retain their teratogenic potential \[[@B51]\]. Once transplanted onto the wound bed, iPSC-SMC transition from a contractile to synthetic and proliferative phenotype, raising concern for their de-differentiation and hyperplastic potential. In addition, this study only examined male animals since male patients with DFU are more likely to require lower extremity amputations compared with women; further studies in female animals are necessary to validate these findings \[[@B52]\]. At last, although our study shows that hiPSC-SMC are associated with improved wound healing compared with ADSC, the mechanism for the improved healing remains to be determined, especially since both cell types are detectable in the healing wound through day 7 ([Figures 6](#F6){ref-type="fig"} & [7](#F7){ref-type="fig"}) \[[@B30]\]. Despite these limitations, our study identifies hiPSC-SMC as a potential cellular source to accelerate diabetic wound healing.

Conclusion {#S0017}
==========

Our work is the first to show that hiPSC-SMC accelerate diabetic wound healing when delivered alone in our previously validated rolled collagen scaffold model. Similar to our previously studied murine ADSC controls, hiPSC-SMC are activated by the hypoxic environment of a rolled scaffold, which results in release of increased quantities of pro-angiogenic cytokines \[[@B30]\]. *In vivo*, hiPSC-SMC accelerate diabetic wound healing in a splinted nude mouse model, compared with acellular controls. hiPSC-SMC treatment is also associated with increased cellular proliferation and improved dermal architecture and growth factor concentrarions. At last, hiPSC-SMC-treated wounds have increased total and M2-type macrophages as well as greater wound neovascularization.

Translational perspective {#S0018}
=========================

Induced pluripotent stem cells are a new and exciting cellular type in regenerative medicine. iPSC are pluripotent and therefore potentially capable of repopulating any cellular lineage and they are not associated with the ethical dilemmas surrounding embryonic stem cell therapy. Multiple iPSC-derived cell lines, including ECs and MSCs, show wound healing potential. Despite efficient protocols to differentiate iPSC-SMC, thus far, no study has examined the use of iPSC-SMC in wound healing \[[@B18]\]. Our study is the first to show that iPSC-SMC delivered alone accelerate diabetic wound healing.

Despite promising animal studies, no iPSC-derived cells have been used in clinical trials for diabetic wound healing, due to their safety profile limitations. Among other concerns, integrative methods of inducing pluripotency have the potential to damage host DNA and undifferentiated cells have tumorigenic potential. Although the safety profile of iPSC-derived cells has been examined following injections, safety of topical iPSC application has not been studied. Consideration for clinical translation requires further understanding of the long-term potential for hyperplastic growth if even a small number of hiPSC-SMC become incorporated into the healed wound.

In order to transition iPSC technology from the bench to bedside, nonintegrative means of inducing pluripotency must be examined in close detail, methods of increasing differentiation efficiency must be improved, ways of eliminating undifferentiated cells must be perfected and safety after topical iPSC-derived cellular application must be examined.

###### Summary points

-   Induced pluripotent stem cell-derived smooth muscle cells (iPSC-SMC) display a contractile phenotype *in vitro*.

-   iPSC-SMC secrete increased amounts of pro-angiogenic and growth cytokines when compared with murine adipose-derived stem cells (ADSC) *in vitro*.

-   iPSC-SMC delivered in collagen scaffolds accelerate diabetic wound healing in a splinted, nude mouse model and compared with directly injected cells.

-   iPSC-SMC treatment is associated with improved skin morphology, compared with control and murine ADSC-containing scaffolds.

-   Wounds treated with iPSC-SMC are associated with increased proliferation, pro-angiogenic cytokine expression and angiogenesis.

-   iPSC-SMC undergo a phenotype switch to synthetic forms and proliferate in the wound bed following treatment.

-   iPSC-SMC treatment is associated with increased overall number of macrophages, with less M1 type and more M2 type macrophages, compared with acellular and murine ADSC wounds.
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